Effects of injector geometries on cryogenic co-flowing planar jets under a supercritical pressure are numerically investigated. The present study covers a wide range of injector exit geometries which focuses post lip height and recess length, and evaluates these effects on mixing characteristics. A hybrid ILES/RANS methodology is applied to simulate wall-bounded injector regions. The results show that thicker post lips generate larger vortices behind the post lip, resulting the comb-like structure of the rolled-up inner dense jet. As a result, the mixing is well improved, and the inner jet potential core is shortened. The recessed injectors additionally induce a large-scale flapping motion of the inner jet and further enhance the mixing. The frequency analysis with velocity fluctuations demonstrates that the vortex shedding behind the post lip has a frequency which depends on the post lip height. The recessed injectors induce another low-frequency peak of the flapping motion, and which value is independent of the post lip height.
Introduction
Liquid rocket engines which operate with the propellant combination of LOX and GH2 widely apply coaxial injectors. Propellant mixing is one of the most important physics which determines the engine performance, and this affects combustion behavior such as flame holding structures and combustion oscillations. Unexpected combustion oscillations in the combustion chambers sometime trigger serious engine damage, and one possible cause of the combustion instabilities is the interactions of hydrodynamic jet mixing and combustion. Thus, the understanding of propellant mixing structures is needed for future injector designs.
The liquid rocket engines operate at extremely high pressures around 10 MPa to achieve high thrust performance. This pressure exceeds the critical point of propellants, i.e. the propellants are in supercritical conditions. Under the supercritical pressures, unique behaviors of the propellant jet are observed in contrast to a subcritical condition. Past studies have revealed that, for example, surface tension diminishes at supercritical pressures, and, as a result, the cryogenic jet mixing is assumed as a gas-like mixing.
1, 2) Additionally, the non-ideality of thermodynamic properties at the supercritical condition impacts dynamics and statistics of the mixing.
3-6)
As for the coaxial injectors, the geometries of the injector exit also have a large impact on the mixing and flame structures. The key geometrical parameters are a LOX post recess length, post lip height, and exit chamfer angle. The recess has a positive effect on the engine performance, therefore the coaxial injectors with the recess have been widely applied to the liquid rocket engines. Kendrick et al. 7) observed that the recess enhances a flame expansion angle, and also indicated the recess reduces combustion oscillation. The recess effects clearly appear on the hydrodynamic behavior of injected fluid. [8] [9] [10] [11] Juniper and Candel 8) showed that the recess stimulates long-wavelength hydrodynamic instabilities at the interface of the injected fluid. For the supercritical conditions, the recess enhances the jet spreading and shortens the core length, 11) and, as a result, improves mixing and combustion.
12) Muto et al. 13) has been shown that the recess induces long-wavelength flapping motion of the inner jet.
The injector post lip has an important role on the vortex struc- tures and the flame holding behind the injector exit. Juniper and Candel 14) investigated the flame structures behind a step and showed the effects of step height and free-stream velocity on the flame holding and a blow-off mechanism. Their theoretical and numerical studies indicated the importance of the ratio of step height and the flame thickness on the flame holding. The experimental images of coaxial LOX/GH2 and GCH4 flame by 15) showed the flame stabilizing structures behind the post under the supercritical conditions. They observed that the flame thickness should be less than the lip height to stabilize the flame, indicating that the availability of the theoretical criterion.
14) The numerical studies by Ruiz et al. 16) and Mari et al. 17) studied the detailed turbulence and flame structures in the mixing layer behind a step under the supercritical pressures.
For future injector designs, the effects of the injector geometries on the dynamics and statistics of the mixing at realistic rocket operating condition should be evaluated. The present study aims to investigate the geometry effects on a cryogenic co-flowing planar jet mixing under the supercritical conditions. We focus on the recess length and the lip height as injector geometries and evaluate these effects on the mixing structure by two-dimensional cold-flow jet simulations. For the present simulations, a hybrid ILES/RANS method is applied to simulate wall-bounded injector regions.
Numerical Method
The governing equations are the two-dimensional compressible Navier-Stokes equations. Spatial derivative terms in the governing equations are evaluated by the SLAU scheme 18) of AUSM family upwind-biased scheme. To obtain third-order accurate discretization, MUSCL approach with van-Albada limiter is applied. The present MUSCL method is corrected by using the Thornber's method 19) to reduce numerical dissipation at low-Mach number flows. The third-order TVD Runge-Kutta method 20) is used for temporal integration. For an equation of state, Soave-Redlich-Kwong (SRK) equation of state 21) is used to evaluate the thermodynamic properties of cryogenic fluids at supercritical conditions. The SRK equation of state predicts thermodynamic states over a broad range. The SRK equation of state is written as
Here, the coefficients a is 0.42748R 2 T 2 cr /p cr , and b is 0.08664RT cr /p cr . The dynamic viscosity and the thermal conductivity are estimated by using the model of the ZebergMikkelsen et al. 22) and Vasserman and Neodostup, 23) respectively. Large Eddy Simulations (LES) are needed for the simulations of unsteady turbulence, however, it requires huge amount of grid resolution and computational cost for resolving nearwall turbulence. The present study applies a hybrid LES/RANS method to simulate the flow in wall-bounded injectors and recessed regions, and reduces the computational cost. In the present hybrid LES/RANS, the turbulent eddy viscosity model based the Spalart-Allmaras model (SA-model) 24 ) is used. For the LES computation, no subgrid scale (SGS) models are added because we expect that the numerical dissipation of upwindbiased scheme works as a SGS model.
25) The present switching methodology at an ILES/RANS interface follows the idea of the Delayed Detached-Eddy Simulations (DDES). 26, 27) The distance to the wall, d w , of the original SA-model is replaced by the length scale l Hyb :
where l RANS and l LES are local length scale of the SA-model and the SGS model, respectively. Here the function f d is defined as
, and r d is written as
The length scale of the turbulence model l Hyb is l RANS at the regions with f d = 0, and l LES at the regions with f d = 1. In the present hybrid method, the LES length scale l LES is set to 0, therefore the RANS eddy viscosity activates at the regions with f d = 0, and changes moderate to zero at the region with f d = 1 where the no explicit eddy viscosity is added.
Results and Discussions
The two-dimensional co-planar jet simulations are carried out to investigate the effects of the post lip height and the recess length. Figure 1 shows a schematic of the near injector region, and Fig. 2 shows the computational grids. The inner injector height H is 0.5 mm, and the outer injector height h is 0.25 mm. The computational domain consists of an inner injector, two outer injectors, chamber, and recess region (for recessed cases). The chamber size is 300H × 100H. The domain lengths on the inner and outer injectors are 50H and 50h, respectively. The adiabatic non-slip wall boundary condition is employed at the injector walls. On the chamber upper and lower boundary, slip-wall boundary condition is imposed. At the outlet boundary, the pressure is fixed to the chamber pressure, and the other variables are extrapolated. In the present simulations, no perturbation is added at the inlet. The simulations are performed with the CFL number of approximately 0.6.
The following simulations are carried out at the condition shown in Table 1 . The working fluids of the present simulations are only nitrogen. The pressure is set to a supercritical pressure of 5.0 MPa. The cryogenic nitrogen is injected from an inner inlet, and the gas-like nitrogen is injected from two outer inlets. The critical pressure, density, and temperature of nitrogen are p cr = 3.4 MPa, ρ cr = 313.3 kg/m 3 , and T cr = 126.2 K, respectively. The acentric factor ω a is set to 0.0372. The simulations are performed with the six injector geometries: the post heights t are 0.1H, 0.25H, and 0.5H, and the recess lengths Rn are 0H (non-recessed) and 2H (recessed). Table 2 summarizes all the geometries used in this study.
Grid sensitivity
The sensitivity of the present simulation to the spatial grid resolution is evaluated for the case of Rn0t025. Table 3 shows three different grids employed in the grid sensitivity study. In the chamber region, Base grid consists of 501 points and 661 points for the axial and transverse direction. Total numbers of the grid points of the recessed cases for the Coarse grid, Base grid, and Fine grid are about 0.22, 0.40, and 0.60 million, respectively. The minimum grid width normal to the injector wall is about ∆y + = 1.5. Figure 3 shows time averaged density profile on the inner jet centerline. The result of the Coarse grid is under-resolved at the downstream region. The result using the Base grid reasonably agrees with the Fine grid result, therefore, we consider that the Base grid has an adequate grid resolution in the present simulations. In the following simulations, the numerical grids of each post height and recess length have an identical grid resolution with the Base grid.
Instantaneous flow field
Figures 4 and 5 show the instantaneous density and velocity contours. In the inner mixing layers, i.e. the mixing zone surrounded by the inner and outer jet, the vortices are generated behind the post lip which are caused by the shear-layer instabilities and entrain the surrounding low-density/high-temperature fluid into the inner dense/low-temperature fluid. The vortex roll-up structures induce comb-like structures of the inner dense jet, and the inner jet deeply penetrates and peels off intermittently into the surrounding fluid. The Rn0t05 case shows that The effects of the recess on the post lip height are also investigated. The recessed injector induces the long-wavelength flapping motions of the dense jet compared with the non-recessed case as shown in Fig. 5 , which is also demonstrated in a past study. 13) This is because of the sustained long-wavelength instabilities of the inner jet which is discussed later. As a result, Pa_49 the flapping structure improves the mixing and shortens the inner jet length. These flapping structures are observed in the both thinner and thicker post lip cases.
Mean flow field
Figures 7 and 8 show time average fields of the density and velocity. The mean density highlights the potential core of the inner jet, while the potential core of the outer jet and the recirculation regions behind the post are clearly observed with the mean velocity distributions. Potential-core length is an important parameter to evaluate the mixing improvement. The results show that the thicker post clearly reduces the inner core length. The size of the recirculation region becomes larger with increasing the post lip height. Additionally, in the Rn2t05 case, the inner core is diminished inside the injector and well-mixed fluid is obtained at the injector exit.
The mean density profile on the inner jet centerline is shown in Fig. 9 . The density at the centerline of the inner jet gradually decays after the end of the potential core due to the mixing. With the increasing of the post lip height, the inner-core length is largely shortened. The recess also slightly shortens the core Figure 10 shows the power spectra of transverse velocity fluctuations obtained at the inner jet interface of the near-injector region. In Fig. 10(a) case, and 0.07 at the Rn0t05 case. Here, the Strouhal numbers are based on the bulk velocity of the outer jet and the post lip height. These values are consistent with the past studies for the supercritical mixing; the Strouhal numbers observed in the range of 0.05 to 0.07 in the cold-flow mixing layer behind a splitter plate 28) and the LOX/CH4 coaxial jet flame. 29) This vortex shedding frequency is also observed for the recessed cases in Fig. 10(b) . Figure 11 shows the power spectra obtained near the point where the inner jet potential core diminished to evaluate the large scale motion of the inner jet. The two-recessed cases of Rn2t01 and Rn2t025 clearly show a frequency peak compared with the non-recessed cases. This frequency is approximately 45 kHz in both cases, and this fluctuation corresponds the longwavelength flapping motion of the inner jet. The frequency peak is also slightly shown at the Rn2t025 case in Fig. 10(b) , i.e. the near-injector region. These results indicate that the recess excite low-frequency instabilities. Juniper and Candel 8) have shown that the recess leads to long-wavelength wake-like instabilities of the dense jet. In the present result, the wakelike instabilities are excited by the recess and cause the flapping motion of the inner jet at the downstream of the injector. The present result also suggests that the flapping frequency is not determined by the post lip height, but by the inherent instabilities characterized by the injection condition. Although the Rn2t05 case does not clearly show the one frequency peak, the amplitude of the fluctuation is enhanced. This is because that the flapping frequency is superimposed on the vortex shedding frequency.
Velocity fluctuation

Conclusions
The two-dimensional numerical simulations were performed with the hybrid ILES/RANS method to investigate the effects of the injector exit geometries on the cryogenic supercritical jet mixing. The simulations were carried out by using the three post lip height and two recess length. First, the thicker post lip led to generation of the larger vortices behind the post, which enhances the entrainment of the surrounding fluid into the inner jet. Thus, the potential core length of the inner jet is shortened, indicating the mixing improvement by the thicker post lip. Second, the recess triggered the long-wavelength flapping motions and shortened inner jet length. The frequency analysis demonstrated that the peak in frequency was observed for all three post lip height cases and the value of which depends on the size of vortices shed behind the post lip. Moreover, the recess generates an additional lower-frequency peak by the large-scale flapping motion. The value of the lower-frequency peak caused by the recess is contrarily independent of the post lip height.
